• Altimetry over glacial ice from satellite GPS-reflectometry is presented for the first time over the extent of the Antarctic continent • Elevation of the ice is estimated from GPS data from TechDemoSat-1 satellite • Good agreement is observed with Cryosat DEM 1 km v1.0 * Current address,
Introduction and Rationale
Global Navigation Satellite Systems-Reflectometry (GNSS-R) was first proposed in 1988 [Hall and Cordey, 1988] and uses reflected L-Band radiation from Global Navigation Satellite Systems (GNSS) signals such as those of Global Positioning System (GPS) to characterise the Earth's surface. At present this is predominantly used for monitoring winds Foti et al., 2015 Foti et al., , 2017 and sea state [Marchan-Hernandez et al., 2010] . It is also being explored extensively for other Earth observation purposes such as soil moisture detection [Masters et al., 2000] , sea surface height and sea ice monitoring [Gleason, 2006; Belmonte-Rivas et al., 2010] . Specific cryospheric applications of GNSS-R include the detection of sea ice [Yan and Huang, 2016; Alonso-Arroyo et al., 2017] , ice sheet altimetry and altimetry of sea ice through both the delay of the reflected echo [Hu et al., 2017] and through its carrier phase delay . The use of GNSS-R for altimetry purposes was first proposed by Martín-Neira through a Passive Reflectometry and Interferometry System [Martín-Neira, 1993] , and has been very successful over a wide range of studies including fixed, air-and spaceborne experiments. Initial airborne precisions measured include three metres over the sea [Ruffini et al., 2004] and up to 5 cm over inland water bodies [Lowe, 2002] . Recently accuracies of 10-90 cm have been attained [Semmling et al., 2013] , and as such it can be seen as a very promising technique for the altimetry field. Due to the specular nature of reflections from ice and the necessity of satellite techniques to monitor these areas, it is a natural step to apply these methods to land-based ice sheets. As noted by Slater et al. [2018] , accurate DEMs can contribute to: the delineation of drainage basins; the estimation of grounding line ice thickness; mass balance calculations; boundary conditions for models of ice dynamics; as well as potential sea level rise.
L-Band signals were first shown to be sensitive to sub-metre ice elevation changes in 2004 [Cardellach et al., 2004] , but this level of accuracy depends on using the phase delay of a coherent signal that is not applicable when the scattering is more diffuse. More recently GNSS-R signals have been proven to distinguish ocean, transition zone and glacial ice . In their study, Rius et al. [2017] identified factors affecting the reflected signal and this study builds on that through the application of an algorithm previously used to measure sea surface height . This algorithm is applied over the extent of the Antarctic Ice Sheet using all available data from the Low-Earth Orbiter TechDemoSat-1 (TDS-1) and compared primarily with a Digital Elevation Model (DEM) from ESA's CryoSat-2 [Slater et al., 2018] , as it is the most recent of the Antarctic DEM releases. Two earlier DEMs Fretwell et al., 2013] independent of the CryoSat-2 data are also used for a comparison. This paper presents elevation estimates of the Antarctic Ice Sheet, the first application of GNSS-R to obtatin a DEM of Antarctica, by applying 's algorithm to TechDemoSat-1 data. Section 2 discusses the data used and the satellite platform, Section 3 summarises the methods used and results. Validation of the results against the CryoSat-2 1 km v1.0 DEM [Slater et al., 2018] and other independent datasets is performed in Section 4, as well as discussing the necessary further investigations to improve the accuracy of this technique. The conclusions of the study are given in Section 5.
TechDemoSat-1 and GNSS-R -Data
Data from GNSS-R sensors is provided in the form of delay-Doppler maps (DDMs). A DDM can be seen as a map of the scattered power in the delay and Doppler domains. A smooth reflecting surface produces a strong, coherent reflection in GNSS-R. This means that the scattered power comes almost entirely from the specular point, and the glistening zone is very small. The corresponding DDMs will have a pronounced peak and a limited spreading of the power distribution. Ice is considered smooth compared to the sea surface at the scale of GPS L-Band wavelength (19 cm), giving particularly strong reflections in the DDMs and making them ideal for the extraction of height information, though land ice may give more diffuse reflections than sea ice. A strength of GNSS-R for applications such as these lies in the receipt of reflections from up to four different GPS satellites at any one time by the receiver. This, in addition to the asynchronism of the TDS-1 cycle with that of the GPS satellites, allows a varying web of specular points to be built up over time and therefore a high spatial resolution to be attained, as well as access to some points such as the poles, which due to necessary satellite inclination, have thus far not been possible to measure using satellite altimetry. However, this does introduce difficulties into the verification of measurements made at the highest latitudes, due to lack of independent validation data.
TechDemoSat-1 was designed as a satellite technology demonstration platform by Surrey Satellite Systems Ltd., carrying eight experimental payloads, of which one was the Space GNSS Receiver Remote Sensing Instrument (SGR-ReSI) from which the data in this study were obtained. This instrument is extremely low-power and -mass and is constructed from commercial components. Full details can be found in Jales and Unwin [2015] . TDS-1 was placed into a quasi-sun-synchronous orbit of 98.4 degrees inclination at an altitude of 635 km. Due to the use of a shared platform, the SGR-ReSI was active two days in an eight-day cycle. These data are provided as 1-second DDMs and metadata in 6-hour windows in a publicly accessible database (merrbys.co.uk). Each DDM is made up of 128 delay pixels by 20 Doppler pixels, with a resolution of 0.252 chips (0.246 microseconds) and 500 Hz respectively. The vertical resolution that results from this depends largely on the geometries of the satellites at the time [Cardellach et al., 2014] .
The data used in this study have been taken from 3 years of service from TDS-1 (November 2014 -July 2017) with specular points South of 60 • S and filtered in order to eliminate noise. This has been achieved by excluding points where the power distribution of the DDM is less coherent than a normal distribution using the kurtosis of the DDM. DDMs with a kurtosis much greater than 3 (the value for a Gaussian distribution) display a clear signal. The threshold for discarding DDMs was fixed to be a kurtosis of 3.5 . This threshold was chosen so as to ensure the removal of all noisy points below the threshold, and to account for the uncertainty in the noise estimation. Increasing the threshold to 4 made little difference to the results and therefore the lower threshold was used in order to return more data. Further points were removed according to quality flags provided with the data.
Being a technology demonstration mission, the sensor on-board TDS-1 is not optimised for altimetric applications. As such, the tracking window for received signals is tied to the ellipsoid, which causes loss of signal where high elevations such as those of the Antarctic Ice Sheet are concerned. These data points have been identified by the maximum amplitude of the DDM straying from the central four Doppler bins of the DDM (as the central peak is out of the tracking window). These have been filtered out where the Doppler value at the maximum amplitude (dop ma ) is outside the range:
where dop min is the minimum of the Doppler axis and dop max the maximum. These criteria were chosen as they remove all data points where the signal has left the tracking window and prevents saturation at the top of the tracking window (often above about 2400 metres elevation). Further data omitted are those where the maximum amplitude is in the first delay row of the DDM, as no leading edge is visible in the waveform. Data that are flagged as containing the Direct Signal in the DDM are removed due to disruption of the tracking of the reflected signal, and those in Collection Period 12 (September 2016) are also filtered due to changes in the DDM processor settings that made these DDMs inconsistent.
The data used include both modes of gain control, as the power of the signal itself is not used in the height estimation. Contrary to previous studies, samples were not filtered by antenna gain, but an incidence angle filter was applied to remove points where reflections were at an incidence angle of 55 • or greater. The data collected at larger angles were seen to overestimate heights by up to 200 metres near the pole. The inclusion of these data yields an almost gap-free DEM, though this is not presented in this paper due to the largely unconstrained overestimations. The extended DEM and comparisons with CryoSat-2 data are provided in the supplementary information.
The most recent release (May 2018) of the CryoSat-2 Digital Elevation Model [Slater et al., 2018] is used as a comparison to ensure the highest accuracy of control variable for comparison.
GNSS-R Altimetry of Antarctic continental ice -Methods and Results
The elevation algorithm of uses the locations of both the transmitter and receiver satellites from the TDS-1 metadata to estimate height through the time delay between the expected receipt of the signal (were it to reflect off the ellipsoid) and the actual time of receipt. The geometry then allows the calculation of the reflective surface above the ellipsoid. In order to extract this delay from the TDS-1 DDMs, the maximum power is tracked in the Doppler domain to identify the waveform as it varies in delay space (the column of the DDM that corresponds to the maximum power). The sampling is increased in the delay domain through Fourier Transform Interpolation of this waveform, at an interpolation factor of 1000 before the maximum first-order derivative of the leading edge is identified. This interpolation method is used in order to preserve the spectrum in the frequency domain throughout the interpolation process and has been seen to reduce the errors. The method to identify the leading edge derivative follows the process outlined in Hajj and Zuffada [2003] , whereby the first order derivative is calculated for the leading edge of the waveform and the maximum of this is used to represent the delay between the direct and reflected signal. This delay value is then used for elevation calculations based on the geometry of the bistatic arrangement (as found in ). Details of the measurement geometry and delay estimation can be found in the supplementary information, as can a discussion of tracking maximum power instead of the leading edge to obtain height estimates.
After filtering, a significant number of samples were found to have values less than zero relative to the ellipsoid and were simply discarded. The remaining data are averaged over a 50 x 50 km grid for comparison to the CryoSat-2 DEM 1 km v1.0 [Slater et al., 2018] as reference. For these comparisons, the CryoSat-2 DEM was filtered for negative samples and gridded in the same manner to ensure comparability of measurements (Figures 1 and 2) . This resolution was chosen so as to maximise both coverage and accuracy of the final product. Varying this resolution between 20 km and 100 km gave no obvious improvement to the results (see supplementary material). For calculation of Root Mean Square and median differences quoted below, co-located ungridded data were used through linear interpolation of the CryoSat-2 DEM to the locations of the TechDemoSat-1 specular points. This gives the noisier appearance seen in the CryoSat-2 data in Figure 3 .
Comparison with CryoSat-2 Data -Discussion
The DEM presented in Figure 1 suggests that the use of GNSS-R for altimetry over land ice is feasible and increases the potential for height measurements over the pole which is currently not estimated with any existing satellite (see supplementary information). The comparison of this with the CryoSat-2 DEM 1 km v1.0 (Figures 2 and 3) gives an insight into the accuracy of this technique, yielding median error of 17.9 metres and an RMS error of 90.7 metres over the extent of the ice sheet. This error is fairly consistent with other available DEMs for comparison, as detailed in Table 1 . The slope of the ice surface, derived from the CryoSat-2 DEM, results in changes in the error with a median and RMS error respectively of 13.8 m and 68.1 m for slopes below 0.25 • to 37.9 m and 96.8 m for slopes between 0.75 • and 1 • . Further error estimates due to the slope of the ice surface and comparisons with the Bedmap2 and Bamber et al. [2009] DEMs can be found in the supplementary information. Rius et al. [2017] in their study of Greenland along two tracks quote 8.5 m as the 'expected uncertainty in the delay measurements', but this is not an actual error estimate obtained by comparing GNSS-R measurements with independent observations. More comparable are the results of Slater et al. [2018] , Fretwell et al. [2013] who quote overall RMS errors of 13.5 m, 5.0 m and 30.0 m respectively for their Antarctic DEMs. However, in areas where the DEM has been interpolated, Slater et al. [2018] state that there are median and RMS differences of 19.62 m and 117.77 m respectively, as compared to airborne data. The latter figures are not dissimilar to the ones obtained here. Bamber et al. [2009] and Bedmap2 [Fretwell et al., 2013] are independent from the CryoSat-2 DEM, the former based on data from ERS-1 and ICESat, and the latter a compilation of many DEMs (including that of Bamber et al. [2009] Due to the nature of the platform as a demonstrator and the operating cycle of the SGR-ReSi, the DEM (Figure 1) is not complete, with many holes resulting from areas without suitable data within the period of TDS-1 data used here. Where data acquired at higher incidence angles are included, the majority of these gaps disappear, but some points are overestimated (see Supplementary Information) . The density plot (Figure 4 ) also displays a large number of points underestimated at around the origin within the TDS-1 dataset in relation to CryoSat-2. These correspond to data retrieved from the edge of the ice shelf (values of -100 m in Figure 2 ) and may be due to corner effects giving multiple DDM peaks or misplaced specular points.
Known issues in the TDS-1 dataset are covered in detail in and include uncertainty of the satellite attitude and orbit (and thus the specular point), as well as experimental changes in settings given its use as a technology demonstration platform. Attitude is provided by both the sun sensors and the magnetometers, with the latter in use when the satellite is in eclipse. The uncertainty in the magnetometer readings is larger than those of the sun sensors (up to 10 degrees [Foti et al., 2017] ). Sudden large corrections can also occur when switching between the two sensors, though no correlation has been seen between these changes and error patterns seen here. One important change in the sensor settings through the mission is that of the switch from Automatic Gain Mode to Fixed Gain Mode (April 2015), resulting in a change in the absolute power seen in the DDM. This is also affected by antenna effects which (despite much progress [Gleason et al., 2016; Voronovich and Zavorotny, 2017]) are not yet definitively quantified for this sensor. A strength of this elevation estimation algorithm is that the absolute power of the DDM cells is not considered, making it possible to use data from both modes without calibration of the two or normalisation of the DDMs.
A large unknown in L-Band altimetry is the penetration depth of the signal into materials such as snow and ice. This can vary in magnitude from 10s of centimetres to 100s of metres [Mätzler, 2001; Li et al., 2017] and is due to the large range of physical properties of these materials with changing densities and precipitation regime. For example, Rignot et al. [2001] measured penetration depths of 3m to 120m over the Greenland ice sheet, depending on the terrain. A further consideration is the atmospheric uncertainties associated with the ionosphere and troposphere above the polar ice cap. These are largely unknown at these high latitudes but are thought to be much smaller than our magnitude of error (maximum of 10 metres at the equator) [Mainul and Jakowski, 2012] .
Errors are also associated with the averaging period used for both the TDS-1 data and that of the CryoSat-2 DEM. Due to the temporal extent involved in the calculations, smaller scale effects such as seasonality were explored but no correlation was found with discrepancies from the CryoSat-2 DEM. As such, these seasonal effects and their associated changes in penetration depth have been ignored.
Conclusions
We have demonstrated through this study that altimetry of land ice is possible with GNSS-R to an accuracy of approximately 18 metres, if CryoSat-2 is assumed to be truth. This is the first time that GNSS-R has been used to create an independent Digital Elevation Model over land ice, and has potential significance as data collected covers the pole area which until now was not possible to map with satellite altimetry.
The use of the technology demonstration platform to produce these results reveal great potential for the future of this technique, as further increases in accuracy and understanding may be achieved using a sensor and platform optimised for such measurements. In future studies it will be necessary to understand and mitigate errors such as those causing the over-estimation of points at high incidence angles. This will enable this technique to produce a full DEM of the Antarctic Ice Sheet with improved accuracy and coverage, including the South Pole. It will also be necessary to optimise any platform and sensor for such measurements, and to improve processing strategies, such as centering the delay-Doppler window around the true specular point on the Earth surface to ensure all data is received within the tracking window. In order to improve the estimation of the surface elevation, modelling of the signal scattering and penetration through the ice will be necessary, with the objective of quantifying the penetration depth under different conditions, and its variations due to seasons and climate.
Owing to the reliance of the technique on signals of opportunity and the lightweight nature of the receiver, the harnessing of this technology for the monitoring of the cryosphere would provide an inexpensive yet highly effective solution. The recent launch of the CYGNSS constellation in 2016 for the application of GNSS-R to tropical wind measurements brings up the possibility of a polar mission of a similar format. Reflections over ice are much more coherent, and therefore stronger than those over oceans. The application of this technology to such a mission would therefore provide much higher spatio-temporal resolution of measurements in polar regions (average 4 hour revisit time for CYGNSS satellites [Ruf et al., 2013] ), allowing improved monitoring of all aspects of this dynamic system, including sea-ice interactions (which have not been considered here). To determine the feasibility of such a mission would require a careful consideration of the error budget to determine the accuracy of the height measurements possible, but this is beyond the scope of this paper. In addition, further improvements to measurement accuracy may be possible using interferometric techniques [Martín-Neira et al., 2011] or phase delay information [Cardellach et al., 2004; Li et al., 2017] , but the latter depends on having a coherent return from the surface.
In terms of the future applications of GNSS-R to monitoring the Antarctic ice sheet, it may be possible to deduce properties of Antarctic snow and ice by combining these observations with those from passive L-band instruments, such as SMOS (e.g. Macelloni et al. [2016] ), and at other microwave frequencies, such as K u -band from Cryosat-2. Figure 1 . Digital Elevation Models from a) TechDemoSat-1 data and b) CryoSat-2 [Slater et al., 2018] . Elevations are shown in metres above the ellipsoid with white denoting no available data. 
